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ABSTRACT 
In a previous  study, we analyzed meiotic recombination events that occurred in the 22-kb  region 
(LEU2 to CEN3)  of chromosome III of Sacchromyces cerevisiae. We found one region with an enhanced 
level of crossovers (a hotspot) and one region with a depressed level of crossovers. In this study, we 
show that about one-third of the crossovers  that  occur  between LEU2 and CEN3 are initiated in a 1.3- 
kb region located approximately 6 kb from the centromere. Both crossovers and gene conversion 
events  are  initiated at this site. Events initiated at this position can be resolved as crossovers in regions 
located either centromere-distally or centromere-proximally from  the initiation site. 
G ENE conversion is the nonreciprocal  transfer of information between homologous DNA se- 
quences. These events are  detected as aberrant  (non- 
2:2) segregations of heterozygous  markers, in the 
form of 3: 1 or 1:3 segregations. In Saccharomyces 
cerevisiae gene conversions are associated with the 
exchange of flanking  markers about  50% of the time 
(HURST, FOGEL and MORTIMER 1972).  In  addition, in 
experiments  where crossover events are initially sco- 
red, adjacent  markers are found  to  undergo  conver- 
sion about half of the time (BORTS and HABER 1987; 
SYMINGTON and PETES 1988; WILLIS and KLEIN 
1987).  These associations have led to  the formulation 
of unifying models that envision gene conversion as 
an  intermediate  during  the  formation of a reciprocal 
exchange (HOLLIDAY 1964; MESELSON and RADDING 
1975; RADDING 1982; SZOSTAK et al. 1983).  In  these 
models, gene conversions arise either via mismatch 
repair of a  heteroduplex  intermediate (HOLLIDAY 
1964; MESELSON and RADDING 1975; RADDING 1982), 
or by gap  repair of both  strands  from  the homologous 
duplex (SZOSTAK et al. 1983). Recent work suggests 
that most meiotic conversion events in  yeast occur by 
mismatch repair of a  heteroduplex  intermediate 
(BISHOP, ANDERSON and KOLODNER 1989; FOGEL, 
MORTIMER and LUSNAK 198 1 ; B. KRAMER et al. 1989; 
W.  KRAMER et al. 1989; NAG, WHITE and PETES 1989; 
WHITE, LUSNAK and FOGEL 1985; WILLIAMSON, GAME 
and FOGEL 1985; LICHTEN et al. 1990).  Heteroduplex 
formation could be  initiated by either single- or dou- 
ble-stranded  breaks in one of the participating  chro- 
matids. 
FOGEL, MORTIMER and LUSNAK (1981) examined 
the frequency of gene conversion in  yeast at many loci 
and  found variation of about 40-fold. Up  to 10-fold 
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variation in conversion frequency was found  for mu- 
tations at different positions within a single gene. 
There is often a gradient of conversion frequencies 
from  one  end of the gene to  the  other;  for  the ARG4 
(FOGEL,  MORTIMER and LUSNAK 1981; NICOLAS et al. 
1989)  and HIS4 (M. WHITE,  P. DETLOFF, M. STRAND 
and T. PETES, unpublished data)  genes of yeast, the 
high conversion end of the  gene is the 5‘ end, whereas 
for HIS2 (R. MALONE, personal communication), the 
high conversion end is the  3’  end.  Gradients of gene 
conversion (“polarity  gradients”) are usually assumed 
to reflect recombination events that  initiate  near the 
high conversion end of the  gene  and  are propagated 
to various extents  toward  the  other  end of the  gene 
(reviewed in WHITEHOUSE 1982). Deletion studies of 
the ARG4 gene have identified  a 142-bp region at  the 
5‘  end of the gene that is necessary for the high 
frequency of gene conversion and is also required  for 
transcription (NICOLAS et al. 1989). In addition, a 
meiosis-specific double-strand  break  that  occurs in this 
region has been  identified (SUN, TRECO and SZOSTAK 
1989).  In  contrast,  a  promoter  deletion  that  reduces 
HIS4 expression 15-fold has no effect on meiotic gene 
conversion at this locus (M. WHITE, P. DETLOFF M. 
STRAND and T. PETES, unpublished data). The rate 
of gene conversion is, however,  reduced by mutations 
at  the 5’ end of the  gene  that affect the  binding of 
the RAP1 protein (M. WHITE and T. PETES, unpub- 
lished data). 
While the above studies have focused on the fre- 
quency of gene  conversion, meiotic crossover events 
have also been shown to occur  nonuniformly in yeast 
(CAO, ALANI and KLECKNER, 1990; COLEMAN et al. 
1986; DICAPRIO and HASTINGS 1976; EGEL 1984; 
SYMINGTON and PETES 1988). For example, the re- 
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gion between MAT and CRY1 on yeast chromosome 
ZZI is a strong coldspot for exchange (LARKIN and 
WOOLFORD 1984), as is the region between the two 
silent mating cassettes in S. pombe (EGEL 1984). T h e  
region  between CDC24 and PYKl on  chromosome I 
is about fivefold higher for crossing over than an 
average  chromosomal  interval  (COLEMAN et al. 1986) 
and  the LEUZ-HIS4 region  on  chromosome III is about 
threefold higher (NEWLON et al. 1986).  In Schizosac- 
charomyces pombe, the  M26  mutation  in  the  gene 
is a  single  base  pair  change  that is a hotspot  for  both 
gene  conversion  and  crossing over (GUTZ 197 1 ; PON- 
TICELLI, SENA  and SMITH 1988; SCHUCHERT and 
KOHLI 1988; SZANKASI et al. 1988) 
The mechanistic basis for these meiotic hotspots 
and coldspots is unknown. One possibility is that  the 
enzymes that catalyze meiotic recombination are se- 
quence-specific and these sequences are present at 
hotspots and absent at coldspots. Alternatively, hot- 
spots may represent chromosomal regions in which 
the DNA is particularly accessible to enzymes that 
have  little  sequence specificity. Transcription has  been 
shown to stimulate mitotic recombination in  yeast 
(KEIL and ROEDER 1984; THOMAS and ROTHSTEIN 
1989; VOELKEL-MEIMAN,  KEIL and ROEDER 1987), 
but the reason for this stimulation is not yet clear. 
Neither is it clear that transcription has any role in 
meiotic  recombination. 
In a previous study, we examined meiotic recom- 
bination  between LEU2 and CEN3, a 22-kb  region of 
yeast chromosome ZZI (SYMINGTON and PETES 1988). 
Within  this  region, we identified  one  hotspot  and  one 
coldspot for crossovers. The aim of this  study was to  
characterize  the  hotspot in more  detail. The approach 
taken was to construct  strains with chromosomal  dele- 
tions in the  hotspot  region. The significant  finding is 
the  identification of a  locus that is required for hotspot 
activity, but  that is physically separable  from the re- 
gion in  which  crossovers  occur. 
MATERIALS AND METHODS 
Genetic methods, DNA manipulations and  Southern 
analysis were as described previously (SYMINGTON and PETES 
1988). 
Yeast strains: A complete list of the yeast strains used for 
this study is given  in Table 1. The diploid strains, LS45 and 
LS47, contain 12 and 13 heterozygous restriction sites (lo- 
cated in the LEU2-CEN3 region of chromosome IIZ), respec- 
tively, and are described in detail in SYMINGTON and PETS 
(1988). The strains constructed for this study are derived 
from the haploid parental strains AS1 3, AS1 4  and AS20 
(STAPLETON and PETES 199  1). AS1 4 contains 10 restriction 
site mutations and AS1 3  and AS20 contain 3 and 4 restric- 
tion site mutations, respectively, different to those in AS14. 
Thus, diploids formed by crossing these strains are hetero- 
zygous for 13 or 14 restriction sites in the LEUZ-CEN3 
region. These strains are isogenic  with the haploid parent 
strains used to construct LS47, except that AS13 and AS20 
are both CANIS and AS20 contains one additional mutant 
restriction site marker.  This  marker,  a “fill in” of an EcoRI 
site located about 2 kb from CEN3 (on the LEU2 side), was 
only present in strain LS98 and was not used for mapping 
in our study and thus is not shown in the figures. The 
deletion derivatives of AS1 3, AS14 and AS20 were con- 
structed using the two-step transplacement procedure (WIN- 
STON, CHUMLEY and FINK 1983). The vectors used for  the 
two-step transplacement procedure all contain the URA? 
gene. Transformants in which the plasmid integrates into 
the genome are selected as Ura+ colonies. The transform- 
ants  are then plated onto medium containing 5-fluoro-orotic 
acid (5-FOA) (BOEKE, LACROUTE and FINK 1984) to isolate 
cells that have undergone intramolecular recombination to 
pop-out the plasmid sequences containing the URA3 gene 
(WINSTON, CHUMLEY and FINK 1983). Ura- derivatives in 
which the plasmid-borne mutation remained in the genome 
were  verified by Southern analysis. 
Construction of LS81, a diploid strain homozygous for the 
hotspot  deletion (G3 to B): The haploid strain AS14 was 
transformed to uracil prototrophy with pLS80 (G3 to B 
deletion plasmid) digested with BclI and SpeI. These en- 
zymes create  a gap of 1.6 kb that covers the BclI, BglII-4 
(G4) and MluI  sites that are mutated on chromosome 111 of 
AS14. Since gap repair using chromosomal information 
occurs during integration (ORR-WEAVER, SZOSTAK and 
ROTHSTEIN 1981),  the mutated sites will be present in both 
copies  of the duplication that results from plasmid integra- 
tion. Thus, after the second recombination event (which 
deletes the plasmid sequences) is selected  using 5-FOA, the 
mutant restriction sites will still be present centromere- 
proximal to  the BamHI site; the haploid strain obtained by 
this  two-step transplacement protocol was LS68. The strain 
AS1 3 was transformed to uracil prototrophy with pLS80 
digested with BclI. Secondary recombination events were 
selected on media containing 5-FOA, then screened by 
Southern analysis to  determine those that had the BglII-3 
to BamHI deletion present on the chromosome; the result- 
ing strain was LS66. 
The haploid deletion strains described above were  viable, 
but the diploid obtained from crossing the two deletion 
strains (LS75) failed to sporulate. Of plasmids containing 
BglII or HindII I  fragments spanning the BglII-3 to BamHI 
region, only the plasmid pLS88 containing the HindIII 
fragment complemented the defect. Since the sporulation 
defect could be complemented in trans, the LS75 diploid 
was transformed with pLS78 cut with StuI to target integra- 
tion at the URA3 locus on chromosome V creating strain 
LS8 1. 
Construction of LS84, a diploid  heterozygousfor  the  hotspot 
deletion (G3 to B): The haploid derivative of AS14 with the 
G3 to B deletion (LS68) was mated to AS13 to construct 
the heterozygous diploid. 
Construction of LS98, a diploid homozygous for  the BamHI 
to MluI deletion (B to M): Strains AS14 and AS20 were 
transformed with plasmids pLS91 and pLS92 (containing 
the B to M deletion), respectively, digested with SpeI to 
target integration. Ura+ transformants were purified and 
then plated onto medium containing 5-FOA to select for 
secondary recombination events that excised the plasmid. 
Of more than 100 independent pop-out events screened by 
Southern analysis, none contained the chromosomal dele- 
tion. This result suggested that either a strong mitotic 
recombination hotspot or an essential gene is present within 
this region. A diploid (LS90) was constructed by crossing 
AS14 containing pLS91 integrated  into  the genome (LS87) 
with AS20. A pop-out of the plasmid was selected on me- 
dium containing 5-FOA. Of the 5-FOA-resistant diploids 
screened by Southern analysis, 69% contained the hetero- 
zygous  BamHI to MluI  chromosomal deletion. One of these 
diploids (LS91) was sporulated and  tetrads were  dissected. 
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a / a  leu2/LEU2 TRPlltrpl ade6/ade6  canllCAN1  ura3/ura3  ARG4/ 
argl  TYR7/tyr7; heterozygous for 12 restriction site markers on 
chromosome 111 
Same genotype as LS45; has one additional heterozygous restriction 
a leu2 ade6 ura3; has three heterozygous restriction site markers 
a trpl ade6  ura3 arg4 tyr7, has ten heterozygous restriction site 
a leu2 ade6 ura3; has four heterozygous restriction site markers 
a leu2 ade6 ura3; has deletion of G3 to B region; AS1 3  transformed 
a trpl ade6 ura3 arg4 tyr7, has deletion of G3  to B region; AS 14 
Diploid formed by crossing LS66 with LS68; homozygous for dele- 
Ura+ derivative of LS75 with pLS78 integrated  at URA3 locus; 
Diploid formed by crossing LS68 with AS13; heterozygous for G3 
AS1 4  transformed to  Ura+ by integration of pLS9 1 ; pLS9 1 has the 
AS20 transformed to Ura+ by integration of pLS92; pLS92 has the 
Diploid formed by crossing LS87  with  AS20 
Ura- derivative of LS90 that contains heterozygous B to M deletion 
(Y ade6 argl  trpl tyr7 ura3 lys2:: 4-kb HindIII fragment derived 
from the D8B/C2G junction  region; AS14 transformed with 
pLS94 by two-step transplacement 
a leu2 ade6 ura3 lys2:: 4-kb HindIII fragment derived from the 
D8B/C2G junction  region; AS20 transformed with pLS94 by 
two-step transplacement 
a ade6 arg4 trpl tyr7 ura3 lys2:: 4-kb HindIII fragment  from D8B/ 
C2G junction; has B to M deletion; LS92 transformed with 
pLS91 by two-step transplacement 
a leu2 ade6 ura3 lys2:: 4-kb HindIII fragment from D8B/C2G junc- 
tion; has B to M deletion; LS94 transformed with pLS92 by two- 
step transplacement 
Diploid formed by crossing LS96  with LS97; homozygous for B to 
M deletion 
site near CEN3 
centromere-proximal to LEU2 
markers on chromosome 11I 
centromere-proximal to LEU2 
with pLS80 by two-step transplacement 
transformed with pLS80 by two-step transplacement 
tion of G3  to B 
sporulation-proficient derivative of  LS75 
to B deletion 
B to M deletion (BamHI-) 
B to M deletion (BamHI+) 
SYMINCTON and PETES ( 1  988) 
SYMINCTON and PETES (1 988) 
STAPLETON and PETES ( 199 1 )  
STAPLETON and PETES ( 199 1) 















In each tetrad, two spore colonies were visible within 24 hr, 
the  other two spores formed tiny colonies after several days. 
Since the strains with the BamHI to MluI deletion grew so 
slowly, derivatives of AS14 and AS20 were constructed 
using the plasmid pLS94 to place a  complementing  fragment 
at  the LYSZ locus. The resulting  strains, LS92 
(AS14::pLS94) and LS94 (AS20::pLS94) were then trans- 
formed with plasmids pLS91 or pLS92 to generate haploid 
strains with a  normal rate of growth and with the BamHI to 
MluI deletion. The haploid strain LS96 (LS92 with the 
BamHI-MluI deletion) and LS97 (LS94 with the BamHI- 
MluI deletion) were mated to construct the diploid LS98, 
which was used for  the subsequent crossover analysis. The 
distribution of markers  present in strains LS47, LS8 1, LS84 
and LS98 is shown in Figure 2. 
Construction of plasmids: The plasmids used in the 
construction of  yeast strains were  deletion derivatives of the 
plasmids G4B, D8B and C2G (NEWLON et al. 1986). Each 
of these plasmids represents a BamHI fragment of DNA 
from chromosome I I I  inserted into  the BamHI site of YIp5 
(see Figure 1). Plasmid pLSl1 contains the URA3 gene 
inserted at the Hind111 site of pBR322. Plasmid P3-L6 
contains the LYSZ gene  inserted  into YEp24 (gift from C. 
FALCO). Details of plasmid constructions are as follows. To 
delete the 2.7-kb BglII-BamHI (G3  to  B in Figure 1) frag- 
ment that contained the crossover hotspot, we first created 
a plasmid that contained the  junction of the D8B and C2G 
BamHI fragments. The BamHI fragment  derived  from C2G 
was inserted into  the D8B plasmid that had been partially 
digested with BamHI. The resulting plasmid, pLS69, con- 
tained the two BamHI fragments oriented as  in the genome. 
An 8.2-kb EcoRI fragment  from pLS69 (containing the  G3 
to  B  region; Figure 1) was subcloned into  the single EcoRI 
site of pLSl1  to  generate pLS78. The plasmid pLS78 was 
partially digested with BamHI. Full length linear DNA  mol- 
ecules were purified by gel electrophoresis through agarose, 
partially digested with BglII and ligated at low DNA con- 
centration. The resulting plasmid (pLS80) had the appro- 
priate BglII-BamHI deletion  (G3  to B). As described above 
for  the construction of pLS80, full length linear fragments 
from pLS78 partially digested with BamHI were treated 
with  Klenow polymerase in the presence of dNTPS  to f i l l  in 
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HML HIS4 LEU2 PGKl MAT  THR4 HMR 
I I J r  I I I I 
I G4B II DSB It C2G 1 - 
Ikb 
FIGURE 1 .-Maps of chromosome ZZZ. A genetic map of chromosome ZZZ and a physical map of the region between LEU2 and CEN3 are 
shown. G4B, D8B and C2G refer to recombinant plasmids containing EamHI fragments derived from this chromosome (NEWLON et al. 
1986). The G4B region contains part of a T y ,  the LEU2 gene and an essential gene (ESS). Within the D8B fragment are a recombination 
hotspot and coldspot, and part of a  gene (SPO) required  for sporulation. The C2G fragment contains two genes required  for  a normal growth 
rate (SLO),  an ARS element (solid box; NEWLON et al.  1986), and  the centromere (CEN3; indicated by open circle). The physical map does 
not show  all sites for each restriction enzyme listed. Abbreviations: B = EamHl; Bc = EclI; Bs = EstElI; G = EglIl;  H = HindIlI; K = KpnI; 
M = MluI; P = Pstl; R = EcoRI+ = SpeI; X = XhoI; Xb = XbaI. 
STRAINS 
8s X1 Bs 
I l l  
Ls45/47 
(wild  type) SpGl X2 G2 W BBcG4M I I  111 I I 
Bs X1 Bs 
Bs X1 Bs 
I l l  - 
LS84(heterozygour S ~ G I  xz G Z W  B&M v 
0 3  to B deletion) C I I  IIi I I n I  
v 
X1 Bs 
I l l  I h 
LS98 (B to I " 
M deletion) SpGl X2 0 2  W B C i l  n l  
Phyricel  length LEUZCEN~ LE&? 
LEU2ICEN3 crossovers converrionr cM/kb 
21.7kb 12.4% 5.5%  0.28  
(97/778) (411778) 
19.okb 11.6% 7.9% 0.305 
(78/673)  (53673) 
21.7kb 
19.Okbl 9.6% 5.0% 
(4Z437)  (2Z437) 
20.3kb 8.5%  8.7% 0.209 
(53610) (53/610) 
FIGURE 2.-Percentage (and number) of recombinant tetrads in strains LS45/47, LS81, LS84 and LS98. For each diploid strain, the 
positions of the heterozygous restriction sites on the two chromosome ZZZ homologs are marked. Opposite each marked site is a 4-bp insertion 
mutation. Abbreviations are identical to those used in Figure 1 .  The cM/kb ratios are derived from the total number of crossover tetrads 
from each strain divided by the the distance in kb. Since strain LS84 contains a large heterology the cM/kb ratio could not be calculated. 
the 3' recessed ends. The resulting DNA was ligated to 
obtain plasmid pLS81 that has a mutant BamHI site within 
the Tc' gene in pBR322 sequences. The 3.2-kb BglII frag- 
ment  (G3  to  G4;  Figure  1) was subcloned from  pLS69  into 
the single BamHI site of YCp50 to  generate  pLS87. A 4-kb 
Hand111 fragment,  that includes the 3.2-kb G3  to  G4 BglII 
fragment, was subcloned from  pLS69  into  the single Hind111 
site of YCp50 to  create  pLS88. T o  delete  the  1.3-kb BamHI- 
MluI fragment  adjacent  to  the crossover  hotspot (Figure  l), 
we digested pLS81 with these enzymes and  then used the 
Klenow enzyme to fill in the resulting 3' recessed ends 
thereby destroying the BamHI site. This DNA was then 
ligated at low DNA concentration  to yield pLS91. pLS92 
was constructed as  described above  for pLS9 1,  except  that 
BamHI linkers were added  to  generate a plasmid containing 
a BamHI site at  the deletion junction. To complement  the 
growth  defect created by the chromosomal  BamHI to MluI 
deletion, we constructed a plasmid that  contained  the same 
4-kb Hind111 fragment used to construct pLS88, inserted 
into  the BamHI site within the LYS.2 gene of the plasmid P3- 
L6. The  purified 4-kb Hind111 fragment was treated with 
the Klenow polymerase to  generate blunt-ended molecules, 
and  cloned  into P3-L6 that  had been  digested with BamHI, 
filled in with Klenow polymerase and  dephosphorylated with 
calf intestinal  phosphatase. 
Several types of plasmids were constructed for DNA 
sequence analysis of the B to M region.  One type was made 
by treating  the C2G plasmid and  the pKS- (or pSK-) vector 
(Stratagene) with SpeI-HzndIII, HindIII-BamHI, or SpeI- 
BamHI, and ligating the resulting DNA fragments  together. 
The plasmids derived  from pKS- were pPG7,  pPG9,  pPG4 
and pPG48 (Figure 6). The  pPG52 plasmid was derived 
from pPG7 by deletion of a BamHI-BglII fragment. The 
pPG48 plasmid contained  the 2.4-kb BamHI-Hind111 frag- 
ment that included the DNA sequences of all the other 
plasmids. The plasmid pPGl had the same BamHI-SpeI 
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fragment as pPG7 inserted into  the pSK- vector. In addition 
we constructed plasmids that contained the 2.5-kb BamHI- 
EcoRI fragment of C2G inserted into compatible sites in 
M13mp18 and M13mp19. 
DNA sequence  analysis: DNA sequencing was per- 
formed using the Sanger dideoxy protocol (SANGER, NICK- 
LEN and COULSON 1977). For the initial sequencing steps, 
we used  universal primers; for later steps, we used  specific 
primers based on the earlier DNA sequence information. 
Both  single- and double-stranded DNA sequencing methods 
were used. For the double-stranded sequencing, the proto- 
cols provided in the Sequenase kit (U. S. Biochemical Corp.) 
were  used. 
Tetrad  analysis: Tetrad dissection was performed as 
described by SHERMAN, FINK and HICKS (1986). To identify 
tetrads in which a crossover had occurred between LEU2 
and CEN3, we looked for second-division segregation of 
LEU2  with respect to  the centromere-linked markers TRPl 
and ARG4 (SYMINGTON  and PETES 1988).  Tetrads in  which 
the TRPl gene showed second-division segregation with 
respect to LEU2 and ARG4 were not included as LEU2- 
CEN3  crossovers  since  such tetrads were likely to represent 
crossovers between TRPI and CEN4. DNA was isolated 
from the four spore cultures derived from the crossover 
tetrads,  and examined by Southern analysis for each heter- 
ozygous restriction site marker. 
Statistical  analysis: Most of the statistical  tests were done 
using a contingency chi-squared analysis on data assembled 
into  a  2 X 2 table. In any comparison in which one of the 
classes had five or less events, we used the StatXact program 
(Cytel Software Corp.) to calculate P values by the Fisher 
exact test, in addition to using the chi-squared test. We 
considered any P value less than 0.05 as  statistically  signifi- 
cant . 
The proportion of the LEU2-CEN3 tetratype  tetrads that 
was examined by Southern analysis was different for the 
various strains examined. The ratios of (tetrads examined 
by Southern analysis)/(total tetratype tetrads) for each strain 
were: LS45 and LS47 (62/97); LS81 (50/78); LS98 (50/ 
52); LS84 (30/42).  These ratios were used  in  some  of the 
statistical comparisons. For example, 11 of the  62  tetratype 
tetrads derived from LS45/LS47 that were examined by 
Southern analysis had a crossover between M and CEN3. 
Since 97  tetratype  tetrads were detected in a sample  size  of 
778  tetrads derived from LS45/LS47, the effective  sample 
size  was (62/97) X 778, or 497. In LS98, three of the fifty 
tetratype tetrads examined by Southern analysis had a cross- 
over between M and CEN3. The effective sample size in 
LS98 was (50/52) X 610, or 587. For this comparison, 
therefore, we compared (by the Fisher exact test) 11 M- 
CEN3 crossover tetrads and 486 M-CEN3 non-crossover 
tetrads in LS45/LS47 to 3 M-CEN3 crossover tetrads and 
584 M-CEN3 non-crossover tetrads in LS98. The P value 
for this comparison was 0.0 15. 
RESULTS 
In a previous  study diploid yeast  strains (LS45 and 
LS47) containing multiple heterozygous restriction 
site markers  were  used  to  determine  the  distribution 
of crossovers between the LEU2 gene and the cen- 
tromere  of  chromosome 111 (SYMINGTON and PETES 
1988). The  introduction  of  12  restriction site markers 
within this interval did not alter the frequency of 
recombination,  unlike  the  results  of B RTs and HABER 
(1987).  One possible  reason  for  this  difference is the 
proximity  of  the  markers  to  each  other.  In  our  study 
the distance between markers is considerably larger 
than those used in the experiments by BORTS and 
HABER (1987). Alternatively,  since our  study  does  not 
involve the  use  of  direct  repeats,  the types  of  events 
recovered  are  more  limited.  In  these  strains  (Figures 
3A  and 4), about half (42%) of the  crossover  tetrads 
contained a single simple crossover, with all hetero- 
zygous  markers  segregating 2:2 (class 1). 40% of the 
tetrads had a conversion  event for one  or  more  het- 
erozygous markers adjacent to the position of the 
crossover (class 2) and  18% of the  tetrads (class 3) had 
complex  recombination  patterns  (more  than  one 
crossover,  more  than  one  nonadjacent  conversion 
event, etc.). An interval of 2.7 kb within the 22-kb 
LEU2-CEN3 region was identified  that  had  about 
threefold more crossovers than expected from the 
average crossover frequency. When the conversion 
tracts in class 2 and 3 tetrads were mapped, three 
closely linked  markers  adjacent  to  the  crossover  hot- 
spot (B, Bc and G4; Figure  3A)  were  found  to  have 
undergone  frequent co-conversion. Of  the 62 cross- 
over tetrads  shown  in  Figure  3A, 22 had  conversion 
events involving these markers. About half of these 
tetrads  showed  co-conversion of the MluI site  which 
is 0.9 kb  from  the G4 site. 
Two  possible interpretations of these data were 
considered:  (1)  the  crossover  hotspot  represents a 
single  site at  which  crossover  events are  both  initiated 
and  resolved,  and  (2)  the  hotspot  represents a region 
at  which  crossovers are resolved  efficiently,  although 
these events are initiated elsewhere on the chromo- 
some.  These  explanations  make  different  predictions 
on  the  outcome of meiotic  studies of strains  that are 
deleted  for  different  chromosomal  regions.  If  the first 
explanation is correct,  then  deletion of the G3 to  B 
interval should decrease the total number of cross- 
overs between LEU2 and the centromere. On the 
other  hand if events  are  initiated  from  outside of this 
interval, no decrease in crossing over would be ex- 
pected  when  this  interval was deleted.  Instead, dele- 
tion of one or both intervals flanking the hotspot 
should  reduce  the  total  number  of  crossovers  between 
LEU2 and CEN3. If  initiation  and  resolution f recom- 
bination  events  are  completely  random,  then  deletion 
of the  regions  described  above  should  have  no  effect 
on the frequency of crossovers between LEU2 and 
CEN3. 
Analysis of a strain (LS81) homozygous for a 
deletion of the G3 to B crossover hotspot: T h e  dip- 
loid  strain  LS81  that was homozygous  for  the  2.7kb 
hotspot deletion (G3 to B) was sporulated. Tetrads 
were  dissected and  found  to  have a slight  (statistically 
insignificant) decrease in the number of crossovers 
between LEU2 and CEN3 compared to the control 
strains,  LS45  and  LS47  (Figure 2).This  result  suggests 
that  recombination  events  that  initiate in the G3 to  B 
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FIGURE 3.-Distribution of recombination 
events in the strains LS45 plus LS47, LS81, 
LS98 and LS84. Each type of event observed 
is shown diagrammatically in a single row, 
and the  number of tetrads  that exhibit that 
type of event is indicated at  the beginning of 
each row. A single X represents a simple 
crossover between two  of the markers. A 
horizontal line represents a conversion event; 
lines that cover one site are conversions in- 
volving  only that site, whereas lines extending 
over several sites indicate co-conversion of 
those markers. Thick lines indicate 4:O or 0:4 
conversion events. Discontinuous conversion 
tracts are shown by separate lines on the same 
row, these could represent related or inde- 
pendent events. An X placed on the line in- 
dicates that  he conversion was associated 
with a crossover somewhere within the tract; 
the position of the crossover within the con- 
version tract cannot be mapped, since  cross- 
overs can only be mapped between heterozy- 
gous flanking markers that segregate 2:2. 
Some tetrads contained more than one re- 
combination event (for example, a crossover 
in one interval and an additional crossover 
and/or conversion involving different sites). 
A, Distribution of events within the 62 cross- 
over tetrads analyzed from strains LS45 and 
LS47. B,  Distribution of events within the 50 
crossover tetrads analyzed from strain LS8 1, 
homozygous for the G3 to B deletion. C, 
Distribution of events within the 50 crossover 
tetrads analyzed from strain LS98, homozy- 
gous for  a deletion of the B to M fragment. 
D, Distribution of recombination events 
within the 30 crossover tetrads analyzed from 
strain LS84, heterozygous for a deletion of 
the G3 to B fragment. 
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FIGURE 5.-A comparison of the frequency of gene conversion 
of each site in LEU2-CEN3 crossover tetrads from strains LS45 plus 
LS47, LS81 and LS98. The number of tetrads with conversion 
events at each site were divided by the normalized total number of 
tetrads (calculated as described in the legend to Figure 4). 
interval do not contribute significantly to crossing 
over  between LEU2 and CEN3. 
Of  the 78 crossover tetrads  obtained,  50 were ana- 
lyzed by restriction  endonuclease digestion to  deter- 
mine the distribution of events. The ratio of class  1: 
class 2: class 3  tetrads was 40%:46%:14%, similar to 
that  observed  for the control  strains  (Figure 3B). As 
in the control  strains, many of the crossovers in LS8 1 
occurred in the Bs to S and M to CEN3 intervals and 
no simple crossovers were observed  between the G1 
and X2 restriction sites. In general,  the  genetic maps 
derived  from analysis of the crossovers in LS81 and 
the control  strains  were  quite similar (Figure  4). There 
were, however, more crossovers between the X2 site 
and the Bc site in LS81, than in the corresponding 
interval (X2 to  G3, plus B to Bc)  in the control  strains. 
In addition, the G4 to M interval was found to be 
expanded in LS81 relative to  the control  strains. The 
pattern of meiotic conversion tracts in LS81 was sim- 
ilar to  that observed  for the  control  strains  (Figure  5), 
although conversion rates were slightly elevated for 
LS45/47  genetic  map 
LS81  genetic map 
LS98  genetic  map 
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FIGURE 4.-A comparison of the genetic maps 
of strains LS45 plus LS47, LS81 and LS98. The 
upper line shows the physical map of the wild-type 
strain, LS47. The lines below show the genetic 
maps derived from the frequency of simple cross- 
overs observed within each interval for each strain. 
For each strain, the number of tetrads with  cross- 
overs in each interval were divided by the normal- 
ized total number of tetrads; the normalized total 
is the number of tetrads dissected multiplied by 
the  ratio  (number ofLEU2-CEN3 tetrads examined 
by Southern analysis)/(number of LEU2-CEN3 te- 
tratype  tetrads). The total lengths of the genetic 
maps for the  three strains (% of normalized total 
tetrads with a simple crossover in the LEU2-CEN3 
interval) were: LS45 plus LS47 (6.4%), LS81 
(5.6%), and LS98 (4.4%). It should be noted that 
these map distances are not equivalent to classical 
measurements of recombination distance (centi- 
Morgans), since these measurements do not in- 
clude conversion-associated crossovers. 
sites near LEU2 and slightly lowered for sites near 
CEN3. 
One simple explanation of these results is that  the 
same number of crossover events  (and associated con- 
version events) are initiated in LS81 and  the control 
strains,  but removal of the  G3 to  B  interval  alters  the 
positions at which the crossovers occur as other  inter- 
vals are moved closer to the initiation site. Alterna- 
tively, it is possible that  the initiation of recombination 
events is not  a  function of the DNA sequences at  the 
initiation site. In order  to test whether an initiation 
site for  recombination is located adjacent  to the cross- 
over  hotspot, we deleted the B to M fragment located 
centromere-proximal to the G3 to B interval. This 
region was investigated because it is next to  the cross- 
over  hotspot and it is in a  region of high gene  conver- 
sion (Figure 5) .  
Analysis of a strain (LS98) homozygous for the B 
to M deletion: When the diploid strain  LS98, homo- 
zygous for  a  deletion of the 1.3-kb B to M fragment, 
was sporulated and  tetrads dissected, the  number of 
crossovers between LEU2 and CEN3 was found  to be 
significantly reduced (contingency chi-squared value 
of 5.1; P less than 0.05, 8.5% tetratypes in LS98 
compared to 12.4% in LS45/LS47; Figure 2). The 
reduction in crossovers was greater in LS98 than in 
LS8 1,  although  the size  of the  deletion in LS98 was 
smaller than that in LS81. This result suggests that 
the B to M fragment may contain an initiation site for 
recombination events. 
Of  the 52 crossover tetrads  obtained, 50 were ana- 
lyzed by restriction endonuclease digestion (Figure 
3C). The ratio of class 1: class 2: class 3  tetrads was 
48%:40%:12%, similar to those observed for LS45/ 
LS47 and LS81. However, the pattern of recombi- 
nation events observed was different  from  the  other 
strains. The most obvious differences were a  threefold 
decrease in the  number of crossovers between G3  and 
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CEN3 relative to  the control  (contingency chi-squared 
value of 8.0, P less than 0.01), and a twofold (but 
statistically insignificant) increase in crossovers be- 
tween the Bs marker in LEU2 and  G2 (Figure 4). The 
simplest explanation of these results is that  the B to 
M interval  contains  a  region in  which recombination 
events initiate. Since crossovers were  reduced in both 
intervals flanking the B to M region, it is possible that 
events initiated in this region could be propagated 
bidirectionally, and could be resolved as crossovers 
either between B and  G3  or between M and  CENj. 
The increase in crossovers between Bs and  G2 might 
reflect interference between crossovers initiated in 
the B to M region with crossovers initiated in centrom- 
ere-distal intervals. 
Some of the main  classes of conversion events were 
similar to those observed in LS45 and LS47 (Figure 
3C). The most common conversion class included the 
Sp and G1 sites (Figures 3C and  5). Conversion of the 
B site was decreased 4-fold in LS98 compared to LS45 
and LS47 (contingency chi-squared value of 12.7; P 
less than 0.001). In general, the level of conversion 
for all heterozygous sites near the centromere was 
lowered in LS98 (Figure  5). These results suggest that 
the B to M region is an initiation site for conversion 
events as well as for crossovers. Since gene conversion 
and crossing over are in general associated events 
(HURST, FOCEL and MORTIMER, 1972), this result is 
not  unexpected. 
Analysis of the strain (LS84) heterozygous for the 
G3 to B crossover hotspot: The data suggest that 
recombination  events are initiated within the B to M 
region and can be resolved as crossovers in the  G3  to 
B or M to CEN3 intervals. If these events involve a 
heteroduplex  intermediate, it is possible that  the  prop- 
agation of heteroduplex  from  the B to M region into 
the adjacent intervals would be halted by a large 
heterology. T o  test this hypothesis, we constructed  a 
diploid strain (LS84) that was heterozygous for the 
2.7 kb G3  to B deletion of the crossover hotspot and 
analyzed tetrads. The frequency of crossing over be- 
tween LEU2 and CEN3 was reduced  compared with 
both LS45/LS47 and LS81 (Figure 2) but  the  reduc- 
tions were not statistically significant (chi-squared val- 
ues  of 2.01  for comparison of LS84 with LS45/LS47 
and 0.88 for comparison of LS84 and  LS8I).  Of  the 
30 tetrads examined by Southern analysis, several 
interesting patterns emerged. A number of tetrads 
contained conversion-associated crossovers that in- 
cluded  the Bc and  G4 sites but  not the B site (Figure 
3D). Such tetrads were not  observed in the wild type 
strains,  a  finding consistent with blockage of a heter- 
oduplex  intermediate by non-homology. Similarly, al- 
though gene conversion events including the heter- 
ology were observed, the frequency of these events 
was significantly less (chi-squared value of 3.9) than 
conversion of the B site in strains LS45/LS47. One 
event was seen in which the markers flanking the 
heterology were converted, but the deletion segre- 
gated 2:2. Such events could reflect “patchy” repair 
of a heteroduplex, or could be due  to  independent 
events at the flanking sites. Three of the tetrads 
contained a crossover between the G2 site and the 
heterology,  compared with one  from  the  control 
strains. This suggests that some events may be initi- 
ated  centromere distal of the  G3  to B interval and in 
the heterozygous deletion strain are blocked from 
propagating  rightward to be resolved in the  G3  to B 
region. This finding suggests that crossovers that oc- 
cur in the  G3  to B region in strain LS98 could arise 
from  events  initiated within the G2 to  G3 interval. 
Sequence analysis of the B to M region: The results 
presented  above suggest that  the 1.3-kb B to M region 
is required  for  initiating  about  one-third of the recom- 
bination events that  occur within the 22-kb LEU2 to 
CEN3 interval. This region was sequenced (Figure 6) 
to determine  whether  there were any striking  features 
that might provide some clues to its activity as a 
hotspot. N o  significant homologies were found be- 
tween the open  reading  frames  (ORFs) in this region 
and  other previously sequenced genes. The ORFs  that 
include the BamHI site are presumably in the gene 
that affects sporulation: D. JENESS (personal commu- 
nication) found  that  mutations in this gene can sup- 
press mutations in the alpha factor receptor gene, 
whereas L. VALERE and M. CARLSON (personal com- 
munication) showed that  mutations in this gene result 
in the S n f  (sucrose nonfermenting)  phenotype.  Pre- 
liminary mapping of transcripts in the B to M frag- 
ment suggest that  the  mRNA  from this gene is about 
1.2 kb in length (L. SYMINGTON, unpublished data). 
In  addition,  the B to M fragment  encodes  at least one 
more  abundant small transcript. 
Although  there are regions in the B to M fragment 
with odd base composition (for  example,  the polypy- 
rimidine tracts between positions 600 and  648),  the 
significance of these  regions is not yet clear. A 
poly(dA - dT) tract within the  promoter  region of the 
ARG4 gene has been shown to be important  for high 
frequency gene conversion at this locus (SCHULTES 
and SZOSTAK 1991). Several poly(dA.dT) tracts are 
present within the  B  to M region,  though  none are as 
long as the  tract  present  at ARC4 (Figure 6). No other 
obvious sequence homologies were detected between 
the B to M region and  other meiotic recombination 
hotspots: ARG4 (BEACHAM et al. 1984), HIS4 (P. DE- 
TLOFF, M. WHITE and T. PETES, unpublished data) 
and mini-Tn3::URAj (STAPLETON and PETES 199 1). 
DISCUSSION 
Meiotic recombination events occur  nonuniformiy 
between the LEU2 gene  and  the  centromere  on yeast 
chromosome 111. The region between the  G3  and B 
sites (Figure 1) has approximately  threefold  more 
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crossovers than  expected for  an  average  recombina- 
tion interval. It was hypothesized that a deletion of 
this hotspot would reduce the level of LEU2-CEN3 
crossovers. However, the diploid  strain (LS8 1)  homo- 
zygous for this deletion did not have a significantly 
lower level of crossovers. The frequency and distri- 
bution of recombination  events was similar for LS81 
and  the  control strains  (Figures 2 and 3). This result 
suggests that crossover events resolved between G3 
and B are initiated  outside of this interval. In  support 
of this hypothesis was the finding that  the strain LS98, 
homozygous for a deletion of the B to M region 
adjacent to  the G3 to B hotspot, had a significantly 
reduced level of LEU2-CEN3 crossovers. Further- 
more,  the crossovers in LS98 were  reduced on both 
sides of the B to M deletion. This result indicates that 
recombination  events  initiated in the B to M region 
can be resolved as crossovers either in the G3 to B or 
in the M to CEN3 interval. If the B to M interval 
contains only a single initiation site, this  site must be 
capable of initiating  events bidirectionally. 
Two  other observations  support the conclusion that 
the B to M interval contains a site responsible for 
initiating  recombination events. First, there was a 
reduced level of gene conversion for markers  flanking 


















FIGURE 6.-DNA sequence analysis of the 
B to M recombination  initiation site. a, Restric- 
tion  map of the B to M region. In addition to 
relevant restriction enzyme sites, the regions 
contained on plasmids  used  in DNA sequence 
analysis  are  shown  above the map; the direction 
and extents of the  sequencing experiments are 
indicated  below the figure. The B to M region 
was sequenced on both  strands  independently 
by  two laboratories. b, DNA sequence of the B 
to M region. There are no very long ORFs. 
There is a 400-bp ORF  that  is continuous 
through the BamHI site 
to M deletion (Figure 5) .  Second, there was an in- 
crease in crossovers in the X2 to Bc interval in LS8 1, 
the strain homozygous for  the G3 to B  deletion (Fig- 
ure 4). Since the deletion in LS81 moves the X2 to 
G3 interval  adjacent to  the B  to M interval,  elevated 
recombination was expected if events initiated in the 
B to M region were resolvable as crossovers in adja- 
cent  chromosomal intervals. These results suggest that 
the B to M region is an initiation site for  both cross- 
overs and  gene conversion events and  that  the initia- 
tion of the crossover is physically separable (in a 
distance dependent manner) from the resolution of 
the  event.  These conclusions are consistent with the 
existing models of recombination.  Although the pos- 
sibility exists that  the  B to M deletion has created  a 
coldspot for recombination the observations pre- 
sented  above argue strongly  that  a  hotspot has been 
deleted.  Additional  experiments in  which the B to M 
region is moved to  other locations will clarify whether 
this region is sufficient for hotspot activity. 
Most genetic studies in S. cerevisiae indicate that 
gene conversion events  represent  repair of  mis- 
matches in heteroduplexes formed between two re- 
combining  chromosomes (BISHOP, ANDERSON and Ko- 
LODNER, 1989; FOGEL, MORTIMER and LUSNAK 198  1; 
B. KRAMER et al. 1989; W. KRAMER et al. 1989; 
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WHITE, LUSNAK and FOGEL 1985). In both single- 
strand nick and double-strand  break  initiated models 
for  recombination,  a  region of heteroduplex is flanked 
by crossed strands (Holliday junctions) that hold the 
two interacting DNA molecules together (MESELSON 
and RADDINC 1975; RADDING 1982; SZOSTAK et al. 
1983; THALER and STAHL 1988). These crossed- 
strand  structures can be cleaved in patterns  that  result 
in a  region of heteroduplex with flanking  markers in 
either  the  parental or recombinant  configurations. By 
these models the crossovers are expected to occur at 
the  ends of the  heteroduplex region. Interpreting  our 
results within the  context of these models, we propose 
that  the initiating  event  occurs in the B to M region 
and heteroduplexes can be propagated in either  the 
centromere-proximal or centromere-distal  directions. 
We suggest that  the Holliday junctions  predicted to 
flank the region of heteroduplex are usually resolved 
as crossovers in either the G3 to B or M to CEN3 
intervals. 
If a  heteroduplex includes a  heterozygous site, mis- 
match repair will either result in a gene conversion 
event  (3: 1 or 1 :3 segregation) or in a  restoration  event 
(2:2 segregation)  (for reviews see FOCEL, MORTIMER 
and LUSNAK 1981 ; HASTINCS 1987). For example, if 
the chromosome with the  mutant allele a donates  a 
single DNA strand  to  the wild-type allele A (resulting 
in an Ala  heteroduplex),  and  the mismatch is repaired 
to generate an a allele, a conversion tetrad of the 
1A:3a type would result (conversion-type repair). Al- 
ternatively, if the mismatch is repaired  to  generate  an 
A allele, the tetrad would segregate 2A:2a (restora- 
tion-type repair). If heteroduplex  formation initiates 
in the B to M site and is propagated  into  the  flanking 
chromosomal regions and if mismatches within. the 
heteroduplex can undergo  either conversion-type or 
restoration-type  repair, two common types of recom- 
bination events are expected:  those in  which the cross- 
over is associated with conversion of the adjacent 
markers  (resulting  from conversion-type repair of mis- 
matches) and those that  appear  as simple crossovers 
in the  G3  to B or M to CEN3 interval  (resulting  from 
restoration-type repair). As expected, both of these 
classes of tetrads are common in LS45/LS47 and 
uncommon in LS98. 
The mechanism involved in the initiation of meiotic 
recombination in  yeast is unclear. The double-strand 
break  repair model predicts that recombination initi- 
ation involves the  generation of a  double-strand 
break. In  support of this CAO, ALANI and KLECKNER 
(1 990) observed  a meiosis-specific double-strand 
break within duplicated LEU2 sequences and SUN, 
TRECO and SZOSTAK (1989)  found  ouble-strand 
breaks that occurred near the position of a site re- 
quired for initiating meiotic gene conversion at  the 
ARG4 locus. These findings are complicated by the 
observation that no double-strand breaks were ob- 
served within the LEU2 gene in its normal  chromo- 
somal location (CAO, ALANI and KLECKNER 1990). In 
addition, inversion of a DNA fragment  containing the 
ARG4 gene,  including the initiation site, reduced  gene 
conversion significantly and  the meiosis  specific dou- 
ble-strand  break was no longer  detected (B. DE MAS- 
SEY and A. NICOLAS, personal communication). No 
double-strand breaks have been  detected  at recombi- 
nation hotspots in the HIS4 (A. STAPLETON and T. 
PETES, unpublished data)  nor  the HIS2 (R. MALONE, 
personal communication) genes indicating that the 
breaks are short-lived or else that recombination at 
these hotspots proceeds through a different set of 
events. We have been unable to detect a meiosis 
specific double-strand break within the B to M region 
even though  the ARG4 break is clearly visble in the 
same set of DNA samples (K. ALIN and L. SYMINGTON, 
unpublished data). It is possible that single-strand 
lesions initiate recombination in the B to M region, 
or that  events are initiated by different mechanisms. 
Although recombination events initiated in the B 
to M region  account  for many of the conversion events 
and crossovers in neighboring  regions, there is a  re- 
sidual level of crossovers in these intervals in strains 
deleted  for  the B to M region. These residual cross- 
overs may reflect a basal level of recombination ob- 
served for all yeast sequences or the interaction of 
these  regions with other chromosomal initiation sites. 
In summary, we have found  that  the 1.3-kb B to M 
region stimulates meiotic recombination between the 
LEU2 gene and  the  centromere of yeast chromosome 
ZZZ. Recombination events are initiated within this 
region and  propagated bidirectionally. The chromo- 
somal interval previously identified as a crossover 
hotspot acts as a preferred resolution  region  for  events 
initiated in the B to M interval and is not  required  for 
high levels  of recombination  initiation. 
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